Western Kentucky University

TopSCHOLAR®
Masters Theses & Specialist Projects

Graduate School

8-1-2006

Modulation of Intraoral Subambient Pressure and
Feeding Behavior Relative to Prey Type in the
Largemouth Bass, Micropterus Salmoides
Floridanus
Sarah LeGates
Western Kentucky University

Follow this and additional works at: http://digitalcommons.wku.edu/theses
Part of the Aquaculture and Fisheries Commons, and the Medical Sciences Commons
Recommended Citation
LeGates, Sarah, "Modulation of Intraoral Subambient Pressure and Feeding Behavior Relative to Prey Type in the Largemouth Bass,
Micropterus Salmoides Floridanus" (2006). Masters Theses & Specialist Projects. Paper 291.
http://digitalcommons.wku.edu/theses/291

This Thesis is brought to you for free and open access by TopSCHOLAR®. It has been accepted for inclusion in Masters Theses & Specialist Projects by
an authorized administrator of TopSCHOLAR®. For more information, please contact topscholar@wku.edu.

MODULATION OF INTRAORAL SUB AMBIENT PRESSURE
AND FEEDING BEHAVIOR RELATIVE TO PREY TYPE
IN THE LARGEMOUTH BASS, MICROPTERUS SALMOIDES FLORIDANUS

A Thesis
Presented to
the Faculty of the Department of Biological Sciences
Western Kentucky University
Bowling Green, Kentucky

In Partial Fulfillment
of the Requirements for the Degree
Master of Science

By
Sarah Rogers LeGates

August 2006

Copyright © Sarah Rogers LeGates, 2006

MODULATION OF INTRAORAL SUBAMBIENT PRESSURE
AND FEEDING BEHAVIOR RELATIVE TO PREY TYPE
IN THE LARGEMOUTH BASS, MICROPTERUS SALMOIDES FLORIDANUS

Date Recommended
^"

Director of Thesis

i m

^

/

A. f$p<Dean, Graduate Studies and Research

Date

Acknowledgements
Committee:
Dr. Steve Huskey provided the initial idea for this research and the impetus for
me to return to school after a long absence, along with a patient ear during difficult times.
Dr. Doug McElroy provided me with a great deal of invaluable statistical insight. Dr.
Philip Lienesch introduced me to the fisheries management side of the equation.
Honorary member Dr. Stan Rachootin, of Mount Holyoke College, set me on the path.
Thank you all.
Fishing:
My appreciation goes out to members of the Florida Fish and Wildlife
Conservation Commission for their assistance in specimen collection and transportation.
Funding:
An NSF EPSCoR Grant provided funding for the equipment used throughout the
experiment, along with stipend support. A grant in support of this research was also
received from the Office of Graduate Studies and Research at Western Kentucky
University.
Family:
My family was a deep well of continual emotional support and encouragement
throughout this process. To my husband, Michael Tanner, I cannot say thank you
enough, for everything.

111

Table of Contents
Introduction

1

Feeding Behavior
Assessing Performance
The Performance of Micropterus salmoides
The Experiment
Materials and Methods

2
4
5
7
9

Specimen Collection and Acclimation
Performance Measurement
Data Analysis
Measurement of Variables
Statistical Analysis

9
10
12
14
14

Results

16

Pressures
Kinematics and Timings
Relationship between Explosive Motion and Subambient Pressure
Discussion

16
17
21
23

Performance Differences between Treatments and Individuals
Behavioral Differences with Prey Location
Early Strike Behavior
Ecological Consequences
Literature Cited

23
24
29
30
32

IV

List of Tables
Table 1. A list of behavioral and kinematic variables measured in the primary and
secondary analyses
35
Table 2. Results of repeated-measures ANOVA testing of pressure and kinematic
variables
36
Table 3. Principal component factor loadings for vegetated and open water strikes
37
Table 4. One-way ANOVA results of the test of the effect of trial on pressure treatment
means. Significant results indicate that the pressure mean for the treatment varied
across trials. Data were grouped by fish for analysis. Bold text denotes significant
results
38
Table 5. Raw pressure values used in ANOVA testing
39
Table 6. Pearson correlation values and probabilities for all pairwise comparisons of
Principal Component Analysis retained factors. Probabilities are significant at
0.002
40

v

List of Figures
Figure 1. Pressure trace from a 'typical' slow-mouth-opening phase feeding strike
41
Figure 2. Pressure trace from a feeding strike with little slow phase pressure decrease
and 'sudden' onset of explosive motion
42

vi

Abstract
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MICROPTERUS SALMOIDES FLORIDANUS
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Directed by: Dr. Steve Huskey, Dr. Doug McElroy, and Dr. Philip Lienesch
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Western Kentucky University

Variation, or modulation, of suction feeding performance across two prey location
treatments, as measured by peak subambient pressure generation, was studied in the
Florida largemouth bass, Micropterus salmoides floridanus. Previous studies of suction
feeding in centrarchids have excluded possible sources of performance variation to
minimize the modulatory response. Florida bass are known to modulate their feeding
kinematics when exposed to prey at different levels of elusiveness, and were in turn
predicted to vary suction pressure generation when exposed to these conditions. Eight
bass fed Palaemonetes sp. shrimp in an open water (elusive) setting and in a vegetated
(non-elusive) setting were found to generate significantly different amounts of suction
during prey capture (Fli48=5.676, p=0.021). Principal component analysis of variables
derived from high speed digital video footage found that the suite of behaviors associated
with the feeding strike also differed across prey location treatments. Bass feeding on
open water prey approached at higher velocity, exhibited faster cranial kinematics, and
generated larger values of suction force, while bass feeding on vegetated prey approached
more slowly, had slower cranial kinematics, and generated smaller values of suction.
Florida bass clearly modulate their repertoire of feeding activities in response to differing
prey capture conditions.

vii

Introduction
The complexities of the head and feeding mechanisms of bony fishes have long
been a subject of study. Over time, this investigation of the interplay between muscle,
bone, and behavior has grown into the comparative field of functional morphology. In
the pursuit of a greater understanding of fish feeding behavior, workers have used film,
high-speed video, electromyography, pressure transduction, sonomicrometry, and now
particle path measurements to record the movements of the head region of a feeding fisha process known as kinematic analysis. Cranial kinematic study is then combined with
morphological measures of elements such as biting muscle cross-sectional area (for
estimates of muscle force) and the lengths of jaw bones (to compute lever arms) to
produce a normalized force diagram of the head and jaw during a feeding event (see
Ferry-Graham and Lauder, 2001). The aim of these integrative experiments is to
understand, at a physical level, how fish feeding behavior shapes, and is shaped by, the
environment in which it occurs.
Members of the centrarchid family, sunfishes are a diverse freshwater group that
have been used extensively in comparative functional morphological studies due to their
disparate morphological characteristics, widespread natural abundance, ready availability,
and adaptability to the rigors of testing under these study regimens. One member of this
family is the largemouth bass, Micropterus salmoides. The temperate subspecies, M. s.
salmoides, is endemic to freshwater bodies across eastern North America. Its subtropical
congener, M. s. floridanus, is native to the Florida peninsula.
The wide range of distribution of M. salmoides led Huskey (2003) to investigate
ecomorphological and performance differences between members of the temperate and
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subtropical populations. In that study, it was found that Florida bass differed
significantly from temperate bass in ontogenetic diet choice, functional gape, and feeding
performance. Differences were also found between the performances of Florida bass
when feeding on Palaemonetes sp. (grass shrimp), an abundant native prey item, under
two different prey location conditions. These differences occurred as the fish fed on the
shrimp at differing levels of elusivity. When the shrimp were swimming in the water
column, a nominally elusive state, the duration of the feeding cycle from mouth open to
peak gape, maximum cranial rotation, and maximum hyoid depression were significantly
shorter than when the prey was embedded on vegetation in a presumably less-elusive
state. Because the speed of cranial kinematics is known to influence the amount of
suction pressure generated by a fish during a strike (Sanford and Wainwright, 2002;
Svanback et al., 2002), the present study sought to quantify the suction feeding
performance in the Florida bass while feeding on prey items differing in elusivity.
Feeding Behavior
In fishes, the feeding process is optimized to bring the food item close to and into
the mouth during the bite cycle. This prey capture process can be broadly classified into
three basic modes: suction, ram, and biting (Liem, 1980).
Ram feeding is described generally as translational forward body movement of
the fish towards its prey preceding and during the feeding strike, allowing the openmouthed fish to overtake and engulf the prey. Ram feeders typically exhibit large
mouths, relatively slow expansion of the hyomandibular and suspensorial apparatuses of
the oral jaw during feeding, and fusiform body shape (Norton and Brainerd, 1993).

3

Suction feeding can be described as the sudden movement of a bolus of water
containing the prey item into the mouth of the fish, effected by a relatively quick
expansion of the oral cavity to lower the ambient pressure within the buccal cavity and
generate water flow into the mouth (the "suction" process) (Muller et al., 1982). Fish
categorized as suction feeders typically have small, ovoid mouths with large powerful
jaw abductor muscles, and deep, laterally flattened, highly maneuverable compressiform
bodies (Carroll et al., 2004).
'Pure' ram and suction feeding are understood as the ends of a continuum that
spans most teleost feeding behavior, although no fish exhibits the 'pure' modality of
either extreme (Norton and Brainerd, 1993). The morphology and behaviors of biting
fish are distinctly different from those along the ram-suction continuum and will not be
included in this discussion.
Functional morphology work on sunfish, including bass, has focused on
comparative features of ram and suction feeding modalities to investigate relationships
between jaw morphology, kinematic modulation, and the consequences of modulation on
the generation of suction pressure. Because centrarchids span the full spectrum of
suction and ram feeding modalities, they have been the basis of extensive study of teleost
and actinopterygian functional morphology and kinematics (Nyberg, 1971; Lauder, 1983;
Wainwright et al., 1991; Wainwright and Richard, 1995; Richard and Wainwright, 1995;
Wainwright, 1996; Grubich and Wainwright, 1997; Svanback et al., 2002; Sanford and
Wainwright, 2002; Ferry-Graham et al., 2003; Carroll et al., 2004).
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Assessing Performance
Comparisons of oral jaw morphology in suction feeders versus ram feeders show
differences in both skeletal and muscular elements that affect bite cycle components such
as maximum gape, maximum protrusion of the premaxilla, the speed and distance of
downward lower jaw rotation, and the speed and maximum amount of cranial rotation
and elevation (Wainwright, 1988; Sanderson, 1991; Richard and Wainwright, 1995;
Wainwright, 1996; Wainwright et al., 2001). These physical differences are in turn
responsible for differences in the functional ability of a fish to generate suction to move
water and prey into the mouth for processing. Ram-feeding morphologies are typically
poor suction generators, while suction-feeding morphologies can generate much larger
subambient pressures and more efficiently draw water into the mouth (Carroll et al.,
2004).
Various factors, including the speed of kinematic movement, predator motivation,
and prey elusiveness are known to affect the magnitude of subambient buccal pressure
generated during a feeding event (Lauder, 1983; Nemeth, 1997b; Sanford and
Wainwright, 2002; Svanback et al., 2002). The measurement of subambient buccal
pressure is often used as a metric for overall suction feeding performance (Lauder et al.,
1986; Grubich and Wainwright, 1997; Sanford and Wainwright, 2002; Svanback et al,
2002; Wainwright et al., 2006).
Various EMG and kinematic analyses have revealed that fish muscle activity and
cranial kinematics during a strike follow a highly stereotyped pattern of activation
(Nyberg, 1971; Muller et al., 1982; Lauder et al., 1986; Ralston and Wainwright, 1997;
Grubich and Wainwright, 1997). Although strike behavior is stereotypical in nature, it is
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not fixed in scale. Fish are known to vary, or modulate, the duration and force of certain
elements of kinematic activity during a feeding strike. Experimentally induced
modulation has been observed across species and genera (Lauder, 1983; Lauder et al.,
1986; Norton and Brainerd, 1993; Ralston and Wainwright, 1997; Wainwright et al.,
2001; Huskey, 2003; Carroll et al., 2004), while only a few studies have examined
intraspecific modulation across prey items (Nyberg, 1971; Sanderson, 1991; Richard and
Wainwright, 1995; Wainwright and Richard, 1995; Nemeth, 1997a and 1997b). One
consequence of these observations is that, assuming modulation will occur between
strikes on different prey items, workers have limited kinematic investigations to a single
prey type to minimize inter-strike variation (Sanford and Wainwright, 2002; Svanback et
al., 2002; Ferry-Graham et al., 2003; Day et al., 2005). To date, no study has examined
the question of whether individual fish deliberately modulate their suction feeding
performance in response to individual, native prey under different feeding conditions that
might be experienced by the fish in its natal waters.
The Performance of Micropterus salmoides
The kinematic movements of the head and jaws of M. salmoides during feeding
have been well-described in recent years. At and immediately following mouth opening,
the cranium rotates dorsally while the lower jaw depresses. Depression of the hyoid
apparatus then further lowers the floor of the mouth. This combination of activities
creates a void that causes water to flow into the oral cavity, creating the subambient
pressure typically reported as a measure of suction. After peak pressure is reached,
cranial rotation, hyoid depression, and lower jaw depression continue while the
suspensorium begins to expand laterally. Peak cranial rotation, hyoid depression, and
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gape height are timed to occur within a few milliseconds of the prey item crossing the
opening of the mouth. Lateral expansion of the buccal cavity continues to its peak a few
milliseconds after peak gape, after which the hyoid apparatus, cranial rotation, and
suspensorium begin their return to neutral position (Sanford and Wainwright, 2002; Day
et al., 2005).
The sequence of kinematic actions that define the bite cycle of M. salmoides is
well understood; it is also known that certain of its morphological characteristics
constrain its performance as a suction feeder (Carroll et al., 2004). Svanback et al.
(2002) were able to explain greater than 80% of variance in the bass' subambient
pressure generation using video-based kinematic analysis from a lateral viewpoint.
Sanford and Wainwright (2002) were able to explain up to 99% of the variance in bass'
subambient pressure generation using intraorally implanted piezoelectric crystals, taking
into account the three-dimensional expansion of the buccal cavity.
Throughout historical analyses of M. salmoides feeding behavior, certain
assumptions have been made. First, the early, hypervariable, 'slow' mouth opening
phase has been omitted from recent analyses of overall strike behaviors (Sanford and
Wainwright, 2002; Svanback et al., 2002; Carroll et al., 2004). Second, the genetic strain
(M s. salmoides or M. s. floridanus) of the fish used in the experiments is generally not
noted or considered as a possible source of inter-strike modulation. Finally, no attempts
have been made to test whether bass of either subspecies modulate pressure generation
across a single prey type in response to prey elusivity.
Huskey (2003) found thatM s. floridanus shows significant kinematic
modulation in response to feeding on grass shrimp (Palaemonetes sp.) under elusive and
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non-elusive conditions; this behavior was not present in the temperate subspecies. The
differences in the elusivity of the prey elicit differing strike behaviors in the bass, with
short-duration strikes employed on elusive, free-swimming grass shrimp and longerduration strikes on non-elusive, vegetated grass shrimp. Significant variation was found
between the oral jaw musculatures of the temperate and subtropical populations (Huskey
and Turingan, 2001). These divergent morphological characters and kinematic behaviors
are thought to reflect differences between the diets and feeding modalities of the separate
populations.
The Experiment
I expected that the kinematic modulation observed by Huskey (2003) in M. s.
floridanus feeding on Palaemonetes sp. shrimp would result in quantifiable differences in
suction pressure based on the nominal elusivity of the prey item. The observed
differences suggest that in these fish, situationally-mediated behaviors should have
observable effects on suction pressure generation during feeding. In the present study, I
examined whether a significant difference existed between subambient pressures
generated by Florida bass feeding on grass shrimp under elusive and non-elusive
conditions.
As a secondary analysis, I examined a limited group of bite cycle behaviors and
kinematics for situationally-mediated differences caused by differing prey elusiveness. I
investigated differences in each variable in the context of prey location, and whether
these variables might form factors which, if taken together using principal component
analysis, might differentially describe prey-location-specific strikes. The behaviors
included predator-prey distance and the forward velocity of the fish, and the kinematic

variables included gape height, peak gape duration, and the time between several
biologically relevant landmarks in the bite cycle. Each behavior and kinematic variable
was measured at the following landmarks: the onset of slow mouth opening, the onset of
explosive kinematics (explosive motion) (MOEX), peak subambient pressure, and peak
(maximum) gape onset.
To capture data for comparison and analysis, synchronous intra-oral subambient
pressure measurements were taken along with video recordings of oral jaw movements,
using implanted pressure transducers and high-speed digital video. Fish were observed
while feeding on Palaemonetes sp. grass shrimp placed in one of two treatments: open
water/elusive condition (OPEN) or implanted on plastic aquarium vegetation/non-elusive
condition (VEGETATED).

Materials and Methods
Specimen Collection and Acclimation
With the cooperation of the Florida Fish and Wildlife Conservation Commission,
11 M. s. floridanus with a mean SL of 156 ± 19 mm were collected via boat
electrofishing from Garcia Reservoir in Indian River County, Florida. Two specimens
were collected in April 2005, and nine were collected in August 2005. Fish were selected
from a narrow size range to avoid the effects of scaling on their kinematics (Richard and
Wainwright, 1995), although recent work suggests that suction pressure generation may
not scale with body size (Wainwright et al., 2006). After collection, the fish were held in
quarantine for seven days at the Florida Institute of Technology's Ecophysiology Lab,
where they were maintained en masse in a 455 liter tank at ambient room temperature
(21°C-23°C) with constant biological and mechanical filtration. While in quarantine, fish
were fed mosquitofish (Gambusia holbrooki) and grass shrimp (Palaemonetes sp.).
Specimens were transported to the WKU Functional Morphology Laboratory in less than
24 hours transit time following aquaculture-industry standard shipping procedures.
Upon arrival at WKU, specimens were acclimated to local water conditions in
individual 40 liter or 60 liter aquaria at 20°C with constant biological and mechanical
filtration and a 12/12 photoperiod. After a period of acclimation of not less than one
month, fish were moved permanently into individual 38 liter aquaria at ambient room
temperature (17°C-20°C) with constant biological and mechanical filtration and natural
illumination. Feeding sessions took place in these permanent tanks. To minimize
aggressive behaviors, the back and sides of each filming tank were covered with opaque
material that prevented fish in adjacent tanks from seeing one another. Throughout the
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acclimation and filming periods, fish were fed a mixed diet of earthworms (.Lumbricus
sp.), goldfish (Carassius auratus), guppies (Poecilia reticulata), and grass shrimp
(.Palaemonetes sp.). Fish care and treatment followed approved IACUC protocol
#A3558-01.
Performance Measurement
Following Carroll et al. (2004), nine of the eleven acclimated study fish were
implanted with a cannula made from plastic tubing that would later hold the pressure
transducer lead in place inside the buccal cavity during feeding. After anaesthesis with
approximately 0.3 g 1"1 MS-222 (tricaine methanesulfonate), each fish was placed in a
plastic tray holding fresh water taken from their home tank. A large-bore needle was
used to create a channel through the antero-medial aspect of the neurocranium, caudal to
the ascending process of the premaxilla and rostral to the brain. The needle opened a
hole through the neurocranium into the buccal cavity, lateral to the vomer and medial to
the pterygoids, into which a 35mm-50mm hollow, rigid plastic cannula was threaded.
The proximal end of the cannula rested flush with the surface of the anterior oral cavity,
and was held in place by a widened flange of tubing material. A separate 5mm-10mm
section of flexible Tygon® tubing, slightly larger in diameter than the cannula, was then
slipped onto the cannula and pushed flush with the neurocranial epithelium, holding the
cannula apparatus firmly in place. Care was taken so that each fish was implanted in the
same location. Cannulae were left in place in all fish for the duration of the feeding
experiments.
Feeding bouts were recorded using a Redlake Motion-Pro® high-speed digital
video camera (Redlake MASD, LLC, Tucson, AZ) at 500 frames per second (fps). High-
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speed digital video requires specific, intense lighting conditions for clear image capture.
Following Huskey (2003), fish were trained to feed under this lighting regimen over a
one- to three-week period of sequential exposure to food in increasing periods of
illumination with two 250W halogen spotlights. Recording sessions began once fish
began to feed normally under the increased illumination.
Synchronous pressure data was captured for all feedings using a Millar SPR-407
Mikro-Tip transducer lead and transducer control unit (Millar Instruments, Inc., Houston,
TX). Prior to recording a feeding session, a transducer lead was threaded into the
cannula of the selected fish with the sensor tip resting flush with the lip of the cannula
flange on the inferior dorsal surface of the buccal cavity. Analog pressure information
was digitized with a MiDAS DA Module BNC Breakout Box at 50,000 Hz (National
Instruments Corporation, Austin, TX). During each recording, a second transducer
control unit provided a static input channel set to 20 Hz to scale the pressure trace output
signal.
Feeding trials occurred between September 2005 and January 2006. On any
filming day, a random group of up to three fish were manually implanted with pressure
transducers and allowed to acclimate to the equipment for at least one hour with the
filming lights turned off. During the trial, each fish was offered up to 10 individual prey
items (.Palaemonetes sp. grass shrimp), placed in random order in approximately equal
numbers into each of the two experimental prey treatments.
To initiate a feeding sequence, a temporary, transparent Plexiglas barrier was
placed in the tank, isolating the fish at one end, and a single live prey item was
introduced with forceps. The barrier was removed immediately after p r e y placement, and
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the fish was allowed to orient itself to the prey item and feed freely. In order to stimulate
maximal feeding effort, food was withheld from the fish for 48-72 hours prior to a
filming session, and the fish were fed no more than 10 prey items during a trial to avoid
the effects of satiation on kinematics (Sass and Motta, 2002). Once the fish had
consumed 10 prey items, or if it was not producing usable feeding sequences, the
transducer was manually removed and the fish was allowed to rest for at least 48 hours
prior to its next trial. No fish was subjected to more than six feeding trials.
At the onset of filming trials, each experimental fish was assigned a unique
number (1-9); each recorded feeding bout was then labeled with the fish number, the
date, and the bout number. A film was saved for further analysis if it met basic visual
assessment criteria, including: parallel body orientation; a fully in-frame feeding cycle;
and explosive feeding kinematics. Films in which multiple strikes are visible in fullframe were also retained and each strike analyzed separately if it met analysis criteria.
Data Analysis
For all films, the position of the prey item after the fish began its strike was used
to describe prey position as either open water or vegetated, regardless of where the prey
item was initially placed within the tank. During later analysis, each open water bout
within a trial was paired with a vegetated bout from the same trial in the order in which
they occurred (e.g., the first open water feeding was paired with the first vegetated
feeding, regardless of bout order).
Pressures - For each retained strike, the largest magnitude change (or absolute
change) in subambient pressure was recorded. This value was calculated as the
difference between the ambient pressure at the onset of the strike, logged in the frame
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immediately prior to mouth opening, and the peak negative pressure achieved during the
strike. In order to capture a full range of predator effort, all pairs of open water and
vegetated pressures from all fish across all trials were used in this analysis.
Pressure values were extracted manually from the pressure trace interface of each
film sequence using a PC running MiDAS® image evaluation software (Xcitex, Inc.,
Cambridge, MA) and saved in a Microsoft Excel spreadsheet. All pressure data were
log-transformed to meet assumptions of normality before further analysis.
Kinematic/Timing Analysis - To minimize possible within-trial effects of
decreased predator motivation on kinematic excursions, only the first pair of open water
and vegetated films from each trial for each fish was used in this analysis. Point data for
the gape, predator-prey distance, velocity, and timing variables were digitized at mouth
open, onset of explosive motion, peak pressure and peak gape onset from the raw video
footage using MiDAS® and saved as x, y coordinates in a Microsoft Excel spreadsheet. A
lcm x 1cm grid covering the rear surface of the filming tank provided a scaling reference
for these data points. Velocities and Euclidean distances were calculated from the x and
y data using Microsoft Excel. Pressure change from MOEX was calculated as the change
in pressure between the frame of onset of explosive motion and the peak negative
pressure achieved during the strike, and was captured in the manner described above for
absolute pressure. After removal of outliers, all data were either log-transformed or
square-root transformed to meet assumptions of normality before analysis as indicated in
Table 2. The timing variables measured from mouth open to MOEX and from peak
pressure to peak gape could not be transformed to meet assumptions of normality and
was excluded from the parametric analyses described below.
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Measurement of Variables
Gape height was measured as the distance between the inferior (oral) surface of
the distal tips of the premaxilla and dentary bones. Predator velocity was measured as the
distance traveled over time by a point at the anterior margin of the eye; this measurement
was taken from an earthbound frame of reference. Predator-prey distance was measured
as the distance between the distal tip of the dentary bone and the point of the prey item
closest to the predator. Gape duration was measured as the time between the onset and
offset of peak gape. Measurements of gape were taken at MOEX, Peak Pressure, and
Peak Gape. Predator-Prey distance was measured at Mouth Open, MOEX, Peak
Pressure, and Peak Gape. Predator velocity measured velocity between Mouth Open and
MOEX, MOEX and Peak Pressure, and Peak Pressure and Peak Gape.
Timing variables were recorded as the times between biologically relevant
landmarks. Times were measured from Mouth Open to MOEX, MOEX to Peak Pressure,
Peak Pressure to Peak Gape, Mouth Open to Peak Pressure, Mouth Open to Peak Gape,
and MOEX to Peak Gape. A complete listing of each timing and kinematic variable is
found in Table 1.
Statistical Analysis
Log-transformed pressure measurements were compared using repeated-measures
analysis of variance (ANOVA) to test for differences in the mean value of pressure across
prey location. In this ANOYA, the trial factor (fixed effect) was nested within the
individual factor (random effect). Trial number and fish number were treated as
categorical variables with effects coding active. The null hypothesis for this pairwise
comparison of variables was that this group of M. s. floridanus would exhibit no
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significant differences among pressure measurements taken at the two prey location
treatments.
As a further exploration of the relationship between location-pairs, normalized
kinematic and timing data were subjected to repeated-measures ANOVA tests similar to
those described above. Because of the unbalanced number of trials recorded for different
fish, the trial factor was excluded from this analysis. The number of pairwise
comparisons made in this analysis yielded very small Bonferroni-corrected alpha level of
0.003 (p=0.05/16).
Principal component factor analysis was used on the untransformed composite set
of kinematic and timing variables measured for each treatment, with outliers removed,
and the results were compared across treatments. Factors with eigenvalues greater than
one were retained as significant. To assess relatedness between factors across the two
location treatments, the factor loading scores for the vegetated treatment were compared
with the factor loading scores for the open water treatment using Pearson correlation.
Bonferroni correction was used to reduce the overall Type I error rate for these
correlations, with a final alpha level of 0.002 (0.05/30). Pairwise deletion was used for
robust data retention across both levels of this analysis. All statistical procedures were
carried out using SYSTAT 11 (SYSTAT Software Inc., 2004).

Results
A total of 222 feeding strikes were retained, consisting of from 5 to 51 films per
fish captured over one to six trials. The results of all repeated-measures ANOVA tests
are shown in Table 2. Variable loading scores for the significant factors derived from
principal components analysis of each set of treatment variables are shown in Table 3.
Pressures
Pressure pairs with missing values were deleted from analysis on a pairwise basis.
A total of 64 pairs of pressure values from six fish were used to test for significant
differences between absolute pressure change in the open water and vegetated prey
location treatments. All untransformed pressure pair values are shown in Table 5.
Repeated-measures ANOVA found a significant within-subjects effect of prey location
on subambient pressure generation {Fum=5.676, p=0.021), as well as a highly significant
between-subjects difference in the performances of individual fish (FX5M=9.112,
p<0.001). A one-way ANOVA of open water and vegetated pressures for each fish using
trial as a factor detected significant differences among the treatment means for several
fish. These results are shown in Table 4. To test for directional performance changes
within individual trials, a repeated-measures ANOVA of log-transformed pressures from
the first two feeding bouts was performed, with fish as the factor. This final test did not
return significant within-subject results for either prey location treatment (vegetated bouts
FU3= 0.765, p=0.398, open water bouts Flu= 1.411, p=0.256), nor did it return
significant between-subjects results (vegetated bouts F5i13= 0.389, p=0.847, open water
bouts F5A3 = 0.335, p=0.883)
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Overall, the magnitude of suction pressure generated during open water strikes
was greater than the magnitude of suction pressure generated during vegetated strikes,
both in total pressure change and change after the onset of explosive motion. The mean
magnitude of subambient pressure change in open water feedings was -8.29 Kilopascals
(kPa), while the mean magnitude of subambient pressure change was -7.36 kPa in
vegetated feedings. The mean MOEX pressure change in open water feedings was 7.121 kPa, while the mean MOEX pressure in vegetated feedings was -6.350 kPa.
Kinematics and Timings
In this analysis, mean gape at the onset of explosive motion was found to be
23.4% of peak gape in vegetated feedings and 25.1% of peak gape in open water
feedings.
Repeated-Measures ANOVA - Results of this series of pairwise comparisons are
shown in Table 2. Of the 16 variables assessed in this secondary analysis, none had
significant within-subject effects between prey treatments. Only one variable, gape
height at peak gape, had significant between-subjects effects among individuals
(F7,I3=6.016, p=0.003).
Factor Analysis, Vegetated Strikes - Five significant factors with eigenvalues
greater than 1.0 were retained in the principal component analysis of vegetated strike
data, explaining 88.0% of the variation observed in the dataset. The first principal
component accounted for 30.2% of this variation and the second contributed 24.8%. The
remaining three principal components contributed between 5% (PCV) and 15% (PCIII)
of the variation.
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Principal component I explained 30.2% of the total variation in this dataset.
Variables with high loadings on this axis included fish velocity at MOEX (0.893), fish
velocity at Peak Pressure (0.764), predator distance to prey at MOEX (0.826), and
predator distance to prey at Mouth Open (0.788). This component could be categorized
as an approach vector axis.
Principal component II explained 24.8% of the variation and was comprised of
high loadings in pressure and timing variables. Peak magnitude of subambient pressure
(0.868), time from Mouth Open to Peak Gape (0.810), time from Mouth Open to Peak
Pressure (0.745), time from Mouth Open to MOEX (0.722) had the largest loading
values. This component appears to define the relationship between peak subambient
pressure and the duration of the feeding event.
Principal component III described 15.7% of the variation in the dataset. Its
largest loading was distance from predator to prey at peak gape (0.926). This axis could
be described as a prey-capture optimization axis.
Principal component IV described 11.5% of the variation in the dataset. Its
largest loadings were time from MOEX to Peak Pressure (0.748), pressure change from
MOEX to Peak Pressure (-0.512), and gape at MOEX (-0.591). This axis appears to
describe the performance contribution of explosive motion to the strike.
Principal component V described 5.9% of variation in the dataset. Gape at Peak
Pressure (0.498), gape at MOEX (0.491), predator-prey distance at Peak Pressure
(-0.431), and predator-prey distance at MOEX (-0.410) had the largest loadings. This
axis appears to describe an inverse relationship between gape and prey distance.
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Factor Analysis, Open Water Strikes - Six significant factors with eigenvalues
greater than 1.0 were retained in the principal component analysis of vegetated strike
data, explaining 85.4% of the variation observed in the dataset. The first principal
component accounted for 27.9% of this variation, while the remaining five principal
components contributed between 7.2% (PCVI) and 18.6% (PCII) of the variation.
Principal component I explained 27.9% of the total variation in this dataset.
Variables with high loadings on this axis included fish velocity at MOEX (0.806), time
from Mouth Open to Peak Pressure (-0.801), fish velocity at Peak Pressure (0.783), time
from Mouth Open to Peak Gape (-0.772), and Predator-Prey distance at MOEX (0.767).
This component could be categorized as an approach vector axis.
Principal component II explained 18.6% of the variation. Peak Gape Duration
(0.669), Time from Mouth Open to MOEX (0.645), Predator-Prey Distance at Peak Gape
(0.643), Gape at MOEX (0.642), and Predator-Prey Distance at Mouth Open (0.638) had
the highest loadings on this axis. This component appears to define a relationship
between gape and predator-prey distance across the strike.
Principal component III described 12.4% of the variation in the dataset. Pressure
change after the onset of explosive motion (0.776), time from MOEX to Peak Pressure
(-0.739), and largest magnitude of subambient pressure (0.610) comprise the largest
loadings of this component. This component appears to describe a pressure change axis
for the strike, with a positive relationship between larger negative pressures and shorter
times from MOEX to peak pressure.
Principal component IV described 10.8% of the variation in the dataset. Its
largest loading value was time from MOEX to Peak Gape (-0,566). Three other
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components had smaller loadings: largest magnitude of subambient pressure change
(-0.475), time from Mouth Open to MOEX (0.448), and fish velocity at Peak Gape
(0.441). This axis appears to describe an inverse relationship between the duration of
slow mouth opening before MOEX and the duration of explosive motion after MOEX.
Principal component V described 8.3% of variation in the dataset. Gape at Peak
Pressure (-0.709), time from Peak Pressure to Peak Gape (0.494), time from MOEX to
Peak Gape (0.447), and gape at MOEX (-0.435) had the largest loadings. This axis
appears to describe an inverse relationship between gape and the timing between the
onset of explosive motion and later landmarks.
Principal component VI described 7.3% of variation in the dataset. The
maximum width of peak gape (-0.604) and time from Peak Pressure to Peak Gape
(-0.522) had the largest loadings for this component. This axis appears to describe a
positive relationship between the peak gape achieved during a strike and the time
between peak subambient pressure inside the buccal cavity and that peak gape
measurement.
Correlation Analysis of Factor Loadings - Pearson correlation analysis of the
combined matrix of open water and vegetated factor loading scores produced by PCA
found significant correlation between several of the principal component axes. Open
water PCI and vegetated PCI were highly significantly positively correlated (rI7=0.928,
p=<0.001), while open water PCI was significantly negatively correlated with vegetated
PCII (r 17—0.698, p—0.001). Open water PCIII was highly significantly negatively
correlated with vegetated PC IV (r17=—0.836, p<0.001). Open water PCV and vegetated
PCV showed a marginally significant negative correlation (ri7=—0.654, p=0.002). Open
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water PCII and vegetated PCII also showed a weakly significant positive correlation
(>i7=0.614, p=0.005). The remaining correlations were not significant. All r and p values
are shown in Table 6.
Relationship between Explosive Motion and Subambient Pressure
Visual examination of the early portion of the feeding strike in M. s. floridanus
revealed a consistent point of inflection in the pressure curve coincident to the identified
transition between slow mouth opening kinematics and explosive mouth opening
kinematics (the MOEX point). This inflection point was most obvious in strikes where
gape was narrow at the onset of explosive motion (typically less than 10% of peak gape),
and there was little or no decrease from ambient buccal pressure prior to explosive
motion onset. Figure 1 shows a pressure curve with a 'typical' slow mouth opening
phase. Figure 2 shows the pressure curve reflecting a strike with 'sudden' or fast onset of
explosive motion. In the majority of recorded strikes across both prey treatments, the fish
would orient itself to the prey item and approach it with some amount of forward velocity
created by s-curve body movements. At some distance from the prey, typically 30mm60mm, the fish would open its mouth and begin slow phase jaw depression. Buccal
pressure would decrease slowly during this phase. During slow phase mouth opening,
lower jaw depression and cranial rotation would open the gape 4mm-8mm. At varying
distances from the prey, the fish would transition into the explosive phase of feeding.
This distance appeared to vary based on predator velocity, prey location, and predatorprey distance, as described by the PC A results above.
Fewer than 5% of the films I recorded exhibited a pattern of 'sudden onset'
explosive kinematics, and were recorded in approximately equal numbers for both open
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water and vegetated treatments. In these strikes, the fish approached the prey item
slowly, with its mouth open (typically l-4mm) but with no lower jaw depression activity
and no decrease in buccal cavity pressure occurring. When the mouth of the fish was
within approximately 1 Omm of the prey, it would rapidly transition into the explosive
phase of the strike without the 'typical' period of slow phase activity.

Discussion
This experimental treatment is apparently the first observation of intraspecific
pressure modulation measured using a single, native prey item in two functionally
different conditions. Significant differences in the functional output of suction by the fish
in response to the prey treatments, along with modulation of the suite of accompanying
behaviors and kinematic movements, suggest that the observed activity is not a novel
response but one that has developed over time.
Performance Differences between Treatments and Individuals
The significant differences between the measurements of absolute pressure
change across prey location treatments indicate that these fish were situationally
modulating their behavior to produce different functional outputs in response to prey
location. This difference in pressure generation is consistent with Huskey's (2003)
observations of modulation in the feeding behavior of M. s. floridanus when exposed to
this prey and is consistent with the expected results predicted at the onset of the
experiment. The significant between-subjects differences in gape height measured at
peak gape are consistent with the other significant between-subjects ANOVA results and
are generally expected in any experiment measuring the performance of more than one
individual.
The results of this experiment appear to support the current practice of analysis of
the kinematics of the latter 80% of a feeding strike. Kinematic analysis beginning at 20%
of peak gape would capture all activity after the onset of explosive motion in most of the
feedings recorded in this experiment, and would presumably capture the variations in
kinematic activity critical to shaping the flow of water into the mouth that leads to prey
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capture (Day et al, 2005). A drawback of this '80/20' analysis is that the kinematics
responsible for creating the initial flow of water into the mouth leading to peak
subambient pressure occur during the 20% of the strike that is omitted. Given the
significant differences between subambient pressures generated during open water and
vegetated strikes, a comparative analysis of the early strike kinematics of each type of
strike might be useful in understanding how the fish is modulating the suction pressures it
generates.
The significant differences among the pressure treatment means of individual fish
led to the choice of statistical analysis methods used with this dataset. Repeatedmeasures ANOVA testing allowed for the comparison of performance between
treatments within each individual across all trials, and included a separate term for the
variation in pressure means observed between individuals (both within and across trials)
that would otherwise confound the analysis. This between-subjects variation was
accounted for with the nesting of the trial term within the fish factor; it should be noted
that the variation contributed by the differences between performances of individual fish
in this trial, when not separated as a source of variance, led to initially non-significant
results for several of the repeated-measures ANOVA tests listed above.
Behavioral Differences with Prey Location
PCA indicates that the suite of behaviors that constitute a vegetated strike differ
from the suite of behaviors that constitute an open water strike. The first principal
component, explaining the largest amount of variation in each set of strike data, can be
loosely described as an 'approach vector axis,' made up of a series of variables
describing the forward velocity of the fish and its distance to the prey item at the MOEX
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point and at mouth opening. The significant positive correlation between these two
factors confirms that they are describing the same activity.
Vegetated strikes showed a positive association between distance and velocity
variables on the first principal component, where smaller distances from predator to prey
at MOEX and mouth open correlate with slower velocities at MOEX and peak pressure.
Open water strikes showed the same positive relationship between these velocity and
distance variables with larger longer distances from predator to prey correlating with
faster velocities; however they also included an inverse relationship with time from
mouth open to peak pressure and to peak gape. So in open water feedings, a fast
swimming fish opens its mouth quickly. This relationship could be assumed to describe a
strike with faster kinematics, which is consistent with the larger magnitudes of
subambient pressure generated in open water strikes.
The remaining factors describing vegetated feeding strikes differ substantially in
explanatory power and composition from those that describe open water strikes. The
second vegetated factor, explaining nearly 25% of the variation in this type of strike,
describes an inverse relationship between pressure magnitude and kinematic speed.
Pressure values are recorded as values below ambient; therefore a 'smaller' pressure
measurement is less negative (has a smaller magnitude) than a 'larger' measurement, and
increasing values of pressure (e.g., less negative values) are associated here with larger
time values. This observation is consistent with the expectation that slow kinematics lead
to smaller subambient pressures. This second vegetated factor is significantly negatively
correlated with the first open water factor, with its loading scores positively related to
each other but inversely related to those factor scores describing open water factor one.
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Once again, this is a confirmation of the relationship between kinematic speed and
subambient pressures generation observed throughout these factors.
The third vegetated principal component is described by a single variable, the
distance from predator to prey at peak gape. This factor, explaining nearly 16% of the
variation in the dataset, may be attributable to an effort by the fish to optimize the use of
water flow into the mouth to capture the prey item. In bluegill, another member of the
centrarchid family, suction pressure affects water flow to a distance outside the mouth
equivalent to one mouth-width, and peak flow velocity toward the mouth is achieved at a
time in the strike corresponding to 95% of gape (Day et al., 2005). When combined, the
first three factors describing vegetated strikes exemplify suction feeding behaviors: a
slow, short approach with slow kinematics, maneuvered to bring the mouth as close as
possible to the prey item. Thus, an optimized distance from predator to prey at peak gape
may represent the contribution of suction to prey capture in a vegetated strike. This
factor is not significantly correlated with any open water factor, further characterizing a
suite of behaviors specific to this type of strike.
The fourth and fifth vegetated principal components comprise the remaining 17%
of variation explained in the analysis. Principal component four, explaining just over
11% of the variation, describes an inverse relationship between the time from the MOEX
point to peak subambient pressure and pressure change after the MOEX point (e.g.,
longer time values are associated with larger magnitude negative values). This
unexpected combination of time and pressure is contrary to other observations within this
dataset and to the expectation that slower kinematics should lead to smaller subambient
pressures. It is possible that the variation between individual fish recorded in this

27

experiment contributed to this result. This factor is significantly negatively correlated
with open water factor three, which is what would be expected if both axes described
post-MOEX pressure change parameters and the kinematic speed/pressure change
relationship were consistent for both factors.
Principal component five explains less than 6% of the variation in the dataset and
describes an inverse relationship between gape height and distance from predator to prey
at both peak pressure and the MOEX point. This relationship may explain the apparent
contradiction described in principal component four. A wider gape and shorter distance
to the prey item at the MOEX point might suggest a higher velocity of cranial rotation
and lower jaw depression before the MOEX point. This kinematic velocity might
contribute to the observed larger negative pressures, while leading to smaller velocity in
the subsequent hyoid depression occurring between the MOEX point and peak
subambient pressure (Grubich and Wainwright, 1997). This factor is significantly
negatively correlated with open water principal component five, which suggests that there
is a relationship between the gape height, predator-prey distance, and kinematic velocity
(represented by the time between landmarks). In vegetated strikes, gape is a function of
distance to the prey item, while in open water strikes gape is a function of kinematic
velocity. The negative correlation between these two principal components suggests an
inverse relationship between predator-prey distance and kinematic velocity.
The second principal component in the open water strike analysis explains 18% of
the variation. This factor describes an axis that features the relationship between peak
gape duration, gape height and the distance between predator and prey. Shorter duration
of peak gape is associated with narrower gape at MOEX and shorter time from mouth

28

open to MOEX. Short peak gape duration is also associated with shorter distances from
predator to prey at mouth open and peak gape. This set of variables suggests that strikes
with faster kinematics are associated with prey items closer to the fish. This component
is weakly, but not significantly, positively correlated with vegetated principal component
two, and again supports the relationship between kinematic velocity, predator-prey
distance and subambient pressure generation.
Component three, explaining 12% of variation in the dataset, describes an inverse
relationship between both pressure variables and the time from MOEX to peak pressure
(e.g., a smaller negative pressure is correlated with a larger value of time). This
relationship is consistent with other kinematic-pressure observations and may suggest
that the speed of the kinematics occurring between the onset of explosive motion and
peak pressure are strongly connected to the amount of subambient pressure generated
during the strike.
The fourth principal component, explaining nearly 11 % of the remaining
variation, is described by time from the MOEX point to peak gape. Along with this
timing variable, there are three other less-strongly contributing variables, largest
subambient pressure value (positively associated with the largest loading), time from
mouth open to the MOEX point (inversely related to the largest loading), and the velocity
of the fish at peak gape (inversely related to the largest loading). The association
between timing and pressure reinforces the relationship between kinematic speed and
pressure generation seen in other factors. The inverse associations with the time from
mouth open to MOEX and velocity at peak gape may be describing a relationship
between the contribution of explosive motion (i.e., suction generation) and forward
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velocity to prey capture. This component has no significant correlation with any
vegetated component, characterizing a suite of behaviors specific to this type of strike
Components five and six explain roughly 15% of the variation in the dataset. The
fifth factor is a gape-only variable described by gape at peak pressure and explains 8% of
the variation. The sixth factor explains 7% of the variation and is described by the
measurement of peak gape and the time from peak pressure to peak gape. Both of these
factors address the relationship between gape and pressure. The variables that make up
principal component six share a positive association with one another. This sixth
principal component also shares no significant correlation with any vegetated factors,
rounding out the suite of behaviors specific to this type of strike
Much of the variance observed among the location treatments was between
different fish, and between the performances of individual fish on different days. While
inter-individual differences in performance are usually accounted for in functional
morphological studies, the intra-individual performance variations observed in this
experiment have not been discussed previously in the literature and are perhaps assumed
not to exist or to be significant. These variations may be indicative of major changes in
the behaviors of captive fish over time, and in studies involving long-term collection of
data the early data and late data should be compared for differences.
Early Strike Behavior
No significant differences between performances at different prey locations were
found among the measured behavioral and kinematic variables describing the slow phase
of mouth open. The small number of films I recorded which exhibited the 'sudden onset'
of explosive kinematics did not allow for statistical analysis or description of this type of
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strike. It is possible that the fish assess prey items using different criteria than those I
assigned, and that 'sudden onset' strikes may represent an extreme of behavior not
normally stimulated by this type of prey or not stimulated by these prey location
treatments. If an experimental treatment can be found that consistently stimulates this
extreme feeding behavior, further investigations are warranted of its behavioral and
kinematic patterns to compare it to more 'typical' feedings.
Ecological Consequences
This experiment suggests that M. s. floridanus is able to modulate its behavior to
successfully exploit complex foraging environments in ways that M. s. salmoides cannot.
Recent work with hatchery-reared M. s. floridanus suggests that these bass exhibit
sufficient behavioral and phenotypic plasticity to develop their 'characteristic' strike
pattern and jaw morphology even after early morphological development and behavioral
conditioning on pelleted food (Wintzer and Motta, 2005a and 2005b). It is not known
whether M. s. salmoides possesses the ability to develop this behavioral flexibility if it is
reared under the conditions that promote it in M. s. floridanus.
M. s. floridanus, while native to the Florida peninsula, is actively stocked outside
of its natural range due to its fast rate of growth, aggressive feeding behavior, and larger
adult size. Philipp and Claussen (1995) found that bass with at least some amount of
Florida-strain genetic material are now found throughout the southern portion of the
United States. Although the fish is currently classified as a subspecies within the
Micropterus complex, its genetics suggest it should be classified as a separate species and
that all stocking of this variety outside of the Florida peninsula should be terminated
(Kassler et al, 2002). The unique behavioral patterns observed in this experiment and by
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others support this position. The possibility exists that introduced M. s. floridanus may
develop locally-appropriate modulated feeding behaviors that allow it to forage in
complex habitat not used by M. s. salmoides. This behavior might in turn exert predation
pressure on animals not previously consumed as largemouth bass prey, with a cascade of
effects through the food web.
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Table 1. A list of behavioral and kinematic variables measured in the primary and
secondary analyses.
Variables
Pressure

Definition

Absolute Pressure

The largest magnitude of subambient pressure generated during a strike.
The difference between ambient pressure just prior to mouth opening
and peak subambient pressure

MOEX Pressure

The magnitude of subambient pressure change between the onset of
explosive motion (MOEX) and peak subambient pressure

Timing
MO-MOEX

The time between the onset of mouth open (MO) and the onset of
explosive motion (MOEX).

MO-Peak Pressure

The time between M O and peak subambient pressure.

MO-Peak Gape

The time between MO and peak (maximum) gape.

MOEX-Peak Pressure

The time between MOEX and peak subambient pressure.

MOEX-Peak Gape

The time between M O E X and peak (maximum) gape.

Peak Pressure-Peak Gape

The time between peak subambient pressure and peak gape.

Duration of Peak Gape

The time from the onset of peak gape to the offset of peak gape.

Gape Height
At MOEX

Measured as the distance between the tips of the premaxilla and dentary
bones at MOEX.

At Peak Pressure

Measured at peak subambient pressure.

At Peak Gape

Measured at its maximum.

Predator-Prey

Distance

At Mouth Open

Measured as the distance between the tip of the dentary bone and the
closest point of the prey item at mouth open.

At MOEX

Distance measured between fish and prey at MOEX.

At Peak Pressure

Distance measured between fish and prey at peak pressure.

At Peak Gape

Distance measured between fish and prey at peak gape.

Predator

Velocity

At MOEX

Measured as the distance traveled by a point on the fish during the time
between MO and MOEX.

At Peak Pressure

The distance traveled by the fish between MOEX and peak pressure.

At Peak Gape

The distance traveled by the fish between peak pressure and peak gape.
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Table 2. Results of repeated-measures ANOVA testing of pressure and kinematic
variables.
Variable
Pressure
Absolute Pressure t
MOEX Pressure t

Within-Subject Variation
by Prey Location
F-Statistic
DF
p
5.676
1,48
0.021
2.140
1,15
0.164

Between-Subjects Variation
By Fish
F-Statistic
DF
p
9.772
15,48
<0.001
0.398
7,15
0.889

Timing
*

*

0.161
0.545
0.174
0.307

6.552
4.533
1.004
2.447

*

*

1,15
1,15
1,13
1,15

0.384
0.819
0.714
0.012

1.755
3.984
6.016
1.243

7,15
7,15
7,13
7,15

0.170
0.012
0.003
0.341

0.720
0.824
2.192

1,15
1,14
1,14

0.410
0.379
0.161

0.793
0.772
0.750

7,15
7,14
7,14

0.605
0.620
0.636

1.035

1,13

0.327

3.222

7,13

0.032

0.716
0.071
4.188

1,15
1,15
1,14

0.411
0.793
0.060

1.165
1.575
1.352

7,15
7,15
7,14

0.378
0.218
0.298

*

MO-MOEX
MO-Peak Pressure t
MO-Peak Gape f
MOEX-Peak Pressure (n)
MOEX-Peak Gape t
Peak Pressure-Peak Gape

0.353
0.383
2.047
1.123

At MOEX t
At Peak Pressure (n)
At Peak Gape (n)
Duration of Peak Gape (n)

0.804
0.054
0.141
8.055

Distance
At Mouth Open (n)
At MOEX {
At Peak Pressure (n)

At Peak Gape t

1,15
1,15
1,14
1,14

*

*

7,15
7,15
7,14
7,14

0.001
0.007
0.468
0.073
*

Gape

Predator-Prey

Predator

Velocity
At MOEX (n)
At Peak Pressure (n)
At Peak Gape (n)

Bold Denotes significant results at an alpha level of 0.05.
f Denotes lognormal data.
X Denotes square-root normal data,
(n) Denotes (untransformed) normally distributed data.
* Variable could not be transformed to meet assumptions of normality for this test.
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Table 3. Principal component factor loadings for vegetated and open water
strikes.
Factor
Vegetated Strike Component Loadings
Duration of Peak Gape
Fish Velocity at MOEX
Fish Velocity at Peak Gape
Fish Velocity at Peak Pressure
Gape at MOEX
Gape at Peak Pressure
Peak Gape
Predator-Prey Distance at MOEX
Predator-Prey Distance at Mouth Open
Predator-Prey Distance at Peak Gape
Predator-Prey Distance at Peak Pressure
Pressure (largest total magnitude)
Pressure After MOEX
Time from MOEX to Peak Gape
Time from MOEX to Peak Pressure
Time from Mouth Open to MOEX
Time from Mouth Open to Peak Gape
Time from Mouth Open to Peak Pressure
Time from Peak Pressure to Peak Gape

1
0.164
0.893
0.533
0.764
0.303
0.152
0.631
0.826
0.788
0.112
0.695
0.158
0.375
0.581
0.251
-0.553
-0.453
-0.531
0.612

2
0.666
-0.005
-0.608
-0.247
0.264
-0.267
0.264
-0.010
0.491
0.080
0.057
0.868
0.703
0.411
0.303
0.722
0.810
0.745
0.362

3
0.080
-0.244
0.022
0.162
0.440
0.568
0.251
0.324
0.267
0.926
0.514
-0.220
-0.185
-0.559
-0.206
0.291
0.193
0.274
-0.608

4
0.215
-0.233
0.025
-0.272
-0.591
0.493
0.530
0.034
-0.072
0.016
0.060
-0.327
-0.512
0.410
0.748
0.037
0.115
0.098
0.105

5
0.203
-0.007
-0.268
0.183
0.491
0.498
0.122
-0.410
0.015
-0.063
-0.431
0.007
0.078
0.028
0.144
-0.167
-0.162
-0.155
-0.036

Open Strike Component Loadings
Duration of Peak Gape
Fish Velocity at MOEX
Fish Velocity at Peak Gape
Fish Velocity at Peak Pressure
Gape at MOEX
Gape at Peak Pressure
Peak Gape
Predator-Prey Distance at MOEX
Predator-Prey Distance at Mouth Open
Predator-Prey Distance at Peak Gape
Predator-Prey Distance at Peak Pressure
Pressure (largest total magnitude)
Pressure After MOEX
Time from MOEX to Peak Gape
Time from MOEX to Peak Pressure
Time from Mouth Open to MOEX
Time from Mouth Open to Peak Gape
Time from Mouth Open to Peak Pressure
Time from Peak Pressure to Peak Gape

1
0.236
0.806
0.656
0.783
0.306
0.019
0.365
0.767
0.361
0.047
0.674
-0.301
-0.076
0.356
-0.236
-0.568
-0.772
-0.801
0.563

2
0.669
-0.033
-0.341
-0.178
0.642
0.249
0.278
0.420
0.638
0.643
0.512
0.490
0.348
0.170
0.118
0.645
0.378
0.374
0.175

Factor
3
-0.143
0.377
0.039
0.324
0.088
-0.468
-0.377
-0.125
0.032
-0.298
-0.120
0.610
0.776
-0.138
-0.739
0.079
0.132
0.103
0.171

4
-0.076
0.155
0.441
0.278
0.057
0.022
0.344
0.018
0.255
-0.269
0.092
-0.475
-0.428
-0.566
-0.413
0.448
0.435
0.431
-0.086

5
0.092
-0.176
0.176
-0.084
-0.435
-0.709
0.032
0.097
-0.292
0.138
0.197
-0.094
-0.176
0.447
-0.026
0.380
0.136
0.085
0.494

6
0.101
0.113
0.130
0.154
-0.383
-0.263
-0.604
0.303
0.239
0.371
0.221
-0.079
0.025
-0.240
0.213
-0.090
0.057
0.079
-0.522
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Table 4. One-way ANOVA results of the test of the effect of trial on pressure
treatment means. Significant results indicate that the pressure mean for the treatment
varied across trials. Data were grouped by fish for analysis. Bold text denotes significant
results.
Fish
1

Treatment
Open
Vegetated

N
17

F Statistic
15.78
12.61

DF
5,11

P
<0.001
<0.001

2

Open
Vegetated

13

5.45
9.83

3,9

0.021
0.003

3

Open
Vegetated

11

2.99
11.64

2,8

0.107
0.004

7

Open
Vegetated

7

1.23
0.42

1,5

0.319
0.544

8

Open
Vegetated

5

18.58
6.26

2,2

0.051
0.138

9

Open
Vegetated

11

31.29
43.11

2,8

<0.001
<0.001
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Table 5. Raw pressure values used in ANOVA testing.
Open W a t e r Vegetated
Pressure
Pressure
(kPa)
(kPa)
Fish Trial Bout
1
1
1
-7.108
-6.039
2
-5.682
-4.620
3
-5.682
-5.326
4
-5.682
-7.108
1
2
1
-12.178
-7.617
2
-11.422
-11.796
3
-22.080
-8.756
1
3
1
-14.853
-14.658
2
-15.804
-15.040
1
4
1
-8.170
-6.039
2
-8.170
-7.457
1
5
1
-10.276
-9.902
1
6
1
-6.853
-6.284
2
-6.853
-7.235
-7.804
3
-5.902
4
-7.235
-6.089
5
-7.804
-7.804
2
1
1
-6.752
-6.752
2
-7.814
-4.613
3
-6.926
-7.101
4
-12.434
-5.682
2
2
1
-12.434
-13.860
2
-12.077
-11.015
3
-12.434
-10.659
2
3
1
-7.999
-9.715
2
-8.568
-7.804
3
-7.040
-7.235
4
-9.707
-6.284
2
4
1
-6.404
-4.626
2
-6.404
-6.761
3
1
1
-12.186
-12.178
2
-16.373
-7.617
-9.512
-11.804
3
4
-5.333
-8.951
2
1
-8.568
-4.569
3
2
-3.236
-6.853
-5.138
3
-4.569
1
3
3
-5.705
-4.997
2
-4.281
-6.421
-5.348
-4.274
3
4
-7.846
-3.572

O p e n W a t e r Vegetated
Pressure
Pressure
(kPa)
(kPa)
Fish Trial Bout
7
2
1
-5.520
-6.853
2
-6.276
-8.186
3
-8.951
-10.089
4
-6.666
-8.186
1
7
3
-7.235
-4.756
2
-9.333
-9.707
3
-7.235
-8.186
1
1
-13.324
8
-10.658
2
-9.894
-9.138
8
2
1
-5.520
-6.471
-9.512
-5.902
8
3
1
2
-8.186
-5.707
-13.324
9
2
1
-8.568
2
-11.617
-11.991
9
3
1
-6.276
-4.187
2
-5.146
-3.618
3
-4.951
-4.756
4
-4.187
-4.000
5
-4.569
-4.569
4
1
-6.097
-4.374
9
2
-4.951
-4.382
3
-4.374
-4.187
4
-5.707
-4.756
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Table 6. Pearson correlation values and probabilities for all pairwise comparisons
of Principal Component Analysis retained factors. Probabilities are significant at 0.002.
Pearson Correlation ( r ) values for all pairwise comparisons
Vegetated Factors
Open W a t e r Factors
1
2
4
3
5
1
0.928
-0.698
-0.110
-0.137
-0.047
2
-0.378
0.614
0.446
-0.140
0.031
0.022
3
0.312
-0.340
-0.836
-0.123
4
-0.203
-0.193
0.383
-0.034
-0.234
5
-0.111
0.206
-0.354
0.224
-0.654
0.015
0.314
6
-0.130
-0.126
-0.468

Correlation Probabilities for all pairwise
Vegetated Factors
Open W a t e r Factors
1
2
3
1
0.000
0.001
0.654
2
0.110
0.005
0.056
3
0.928
0.194
0.155
4
0.404
0.429
0.105
0.652
0.138
5
0.398
6
0.596
0.190
0.953

comparisons
4
0.575
0.567

0.000
0.889
0.356
0.608

5
0.848
0.900
0.615
0.334
0.002
0.043
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Mouth open begins here

Time (in seconds)
Zero represents peak subambient pressure

Figure 1. Pressure trace from a 'typical' slow-mouth-opening phase feeding
strike.
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Mouth open begins here
Onset of explosive motion begins here
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Figure 2. Pressure trace from a feeding strike with little slow phase pressure
decrease and 'sudden' onset of explosive motion.

